extremely high capacity for self-renewal and thus serve as a reservoir of executive cells throughout life. On the other hand, early transit-amplifying progenitors are normally proliferating, and their self-renewal capacity lasts only for a limited number of cell divisions. Thereafter, their progeny consists solely of more differentiated precursors, which are then designated as late transitamplifying cells. Rapid increases in executive cell production can thus be achieved by stimulating the selfrenewal of early transit-amplifying progenitors.
Bone marrow contains stem cells that give rise to osteoblasts, as well as adipocytes, stromal cells, chondrocytes, and muscle cells, when maintained in the appropriate environment (18) (19) (20) (21) . Because of their ability to form colonies of fibroblastic cells when placed into culture, these progenitors have been designated CFU-fibroblasts (CFU-Fs). Be that as it may, in mice the CFU-F population is heterogeneous because only about half of CFU-F colonies contain osteoblast progenitors, as evidenced by the formation of a mineralized bone matrix either in vivo or in vitro (22, 23) . Thus, CFU-OB, as defined above, represents the osteogenic subset of CFU-F.
In this study we demonstrate that most CFU-OBs are dividing early transit-amplifying cells and that 17β-estradiol suppresses their self-renewal via the α form of the estrogen receptor. Consistent with a receptor-mediated direct action of estrogens on early mesenchymal cell progenitors, we also show that a small number of undifferentiated progenitors in bone marrow cultures stain with anti-estrogen receptor-α (ERα) Ab's and that the hormonal effect on CFU-OB self-renewal is absent in mice lacking ERα.
Methods
Chemicals and reagents. Type I rat-tail collagen, 5-fluorouracil, 17β-estradiol, 3,3-diaminobenzidine (DAB), avidin-horseradish peroxidase (HRP), and Extravidin-FITC were from Sigma Chemical Co. (St. Louis, Missouri, USA). Phenol red-free Eagle's MEM with Hanks' salts and αMEM were from GIBCO BRL (Gaithersburg, Maryland, USA). FBS preselected for support of CFU-OB development was from HyClone Laboratories (Logan, Utah, USA) and was heat inactivated before use. L-ascorbate-2-phosphate (A2P) was from Wako Chemicals USA Inc. (Richmond, Virginia, USA); ICI 182,780 was from Tocris Cookson Inc. (Ballwin, Missouri, USA); and bacterial collagenase type II (204 U/mg) was from Worthington Biochemicals Corp. (Freehold, New Jersey, USA). Rabbit polyclonal Ab MC-20 against an epitope in the COOH-terminus of murine ERα was from Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA). Mouse mAb ERnt against an epitope in the NH 2 -terminus of human ERα was a gift from Elizabeth Allegreto (Ligand Pharmaceuticals, San Diego, California, USA) (24) . The epitope is 100% homologous in human and murine ERα. Rat anti-mouse CD11b mAb was from Chemicon International (Temecula, California, USA). Biotinylated goat anti-rabbit or anti-mouse IgG Ab's and FITC-labeled goat anti-rat IgG were from Southern Biotechnology Associates Inc. (Birmingham, Alabama, USA). TSA-IHC signal amplification kit was purchased from NEN Life Science Products Inc. (Boston, Massachusetts, USA).
Animals. Swiss-Webster female mice and Hartley guinea pigs were from Harlan Bioproducts for Science Inc. Indianapolis, Indiana, USA. Ovariectomies were performed on 4-month-old mice as described previously (6) , and estrogen replacement was achieved by injecting (subcutaneously) 17β-estradiol (20 ng/g body weight) dissolved in sesame oil. C57BL/6 mice harboring a transgene consisting of the osteocalcin gene 2 (OG2) promoter driving the expression of β-galactosidase (OG2-lacZ mice) were obtained from our breeding colony established with founders generated by Patricia Ducy and Gerard Karsenty (Baylor College of Medicine, Houston, Texas, USA) (25) . Northern blot analysis indicated expression of the lacZ transgene in bone, but not in other tissues such as liver, spleen, and brain (not shown). Heterozygous knockout mice for ERα on a C57BL/6 background (26) were obtained from Ken Korach (National Institute of Environmental Health Sciences, Research Triangle Park, North Carolina, USA). Homozygous knockout animals and their wild-type littermates were generated from the heterozygote breeding pairs. The genotype of these mice was determined using PCR for the ERα gene and the neo gene used to generate the knockout mice. Animals were used and maintained in accordance with NIH guidelines on the care and use of laboratory animals.
Isolation of bone marrow cells and quantification of CFU-Fs and CFU-OBs. Mice were 4-6 months old at the time of marrow cell harvest. After dissection, the metaphyseal ends of femurs were removed and femurs were placed into a 1.5-ml Eppendorf tube containing 0.5 ml of Eagle's MEM with Hanks' salts, 100 U/l penicillin, 0.1 mg/l streptomycin, and 2 mM L-glutamine (PSG) supplemented with 15% FBS, and centrifuged at 11,750 g for 2-3 minutes at room temperature to elute marrow cells, as described previously for rat long bones (27) . Cells were resuspended using a wide-bore 1-ml serological pipette in the above medium. Debris was removed by filtration over a nylon mesh, and cell number was determined using a Coulter Counter after removal of red blood cells with Zapoglobin (Coulter Corp., Miami, Florida, USA).
The number of CFU-Fs and CFU-OBs in murine bone marrow isolates and in cultures of bone marrow cells was determined in cocultures with irradiated guinea pig marrow cells as described previously (28) . Briefly, marrow cells were obtained from the femurs and tibiae of 2-to 3-month-old female Hartley guinea pigs by flushing with a 22-gauge needle and resuspended in 60 ml Eagle's MEM medium containing Hanks' salts and 15% FBS. Cells were γ-irradiated with a Co 57 source for 50 minutes at 1.2 Gy/minute. After rinsing by centrifugation, cells were resuspended in αMEM medium with 15% FBS, counted and cultured at 2.5 × 10 6 per 10-cm 2 well of a six-well plate. In some experiments, mitomycin C treatment was substituted for γ-irradiation. There was no difference between γ-irradiated cells and mitomycin C-treated cells with respect to their ability to support CFU-F and CFU-OB development.
For assay of CFU-F and CFU-OB number in freshly isolated marrow cells, duplicate cultures were established, each containing 0.5, 1.0, 1.5, or 2 × 10 6 murine marrow cells per 10-cm 2 well with guinea pig feeder cells in 4 ml of αMEM medium, 15% FBS, and 1 mM A2P. Half of the medium was replaced every 5 days. Fibroblastic colonies (CFU-F) were enumerated at 10 days of culture after staining for alkaline phosphatase, and CFU-OBs were enumerated at 25 days of culture after von Kossa staining. Osteocalcin-synthesizing cells in cultures established from OG2-β-gal mice were visualized by staining for β-galactosidase with X-gal (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) after fixation with neutral buffered formalin.
Colonies containing more than 50 fibroblastic cells were enumerated and plotted as a function of the number of cells seeded. Linear regression was used to determine the number of colonies per 10 6 cells seeded. Data from wells containing fewer than five colonies were excluded from analysis to avoid the high variability of phenomena that occurs at low frequency. Data from wells containing more than 150 colonies were also excluded because of the difficulty in distinguishing overlapping colonies.
Determination of CFU-F and CFU-OB self-renewal. To assess the CFU-F and CFU-OB content of adherent fibroblastic colonies that developed after 7 days of culture, the colony was first isolated using a cloning cylinder. Nonadherent cells were removed by rinsing with PBS. Then cells were detached by incubation with 0.05% trypsin, 0.53 mM EDTA, and 400 U/ml bacterial collagenase type II in PBS for 30 minutes at 37°C. Detached cells were transferred to a tube containing 100% FBS, rinsed, and aliquots placed into separate cultures for the determination of CFU-Fs and CFU-OBs, as described above. Results of preliminary experiments not shown here revealed that guinea pig feeder cells were required for colony development in secondary cultures.
Self-renewal was quantified using marrow cells precultured in type I collagen gels. Rat-tail type I collagen (3 mg/ml in 0.1% acetic acid) was mixed with an equal volume of 2× αMEM with PSG, 30% FBS, and 0.005 N NaOH. Then, freshly isolated marrow cells were added to yield a final concentration of 5-10 × 10 6 cells per milliliter of collagen gel and pipetted into 10-cm 2 (1.0-1.5 ml) or 5-cm 2 (1.0 ml) wells (29) . Gels were allowed to form at 37°C for 2 hours. The gel was detached from the plasticware and overlaid with 1.5-2.5 ml of αMEM supplemented with 15% FBS. One half of the medium was replaced every 5 days. Preliminary experiments established that more than 95% of cells were incorporated into the gel, but total cell number declined during the first 5 days, mainly due to loss of nonadherent hematopoietic cells that failed to attach to the collagenous matrix. No CFU-Fs or CFU-OBs were lost from the gel. To determine CFU-F and CFU-OB number in the gel, cells were released by incubation with 400 U/ml bacterial collagenase type II in PBS for approximately 30 minutes at 37°C. After resuspension and counting, the number of CFU-Fs and CFU-OBs was determined as described above after seeding at 2.5, 5.0, 10, 20, or 40 × 10 3 cells per 10-cm 2 well.
Immunocytochemistry. Marrow cell cultures were established at 0.7 × 10 6 /cm 2 on collagen type I-coated glass slides (Becton Dickinson Labware, Bedford, Massachusetts, USA) and maintained for 5-6 days in αMEM supplemented with 15% FBS and 1 mM A2P. Cells were fixed in 4% formaldehyde in PEM (80 mM PIPES, 5 mM EGTA, 2 mM MgCl 2 , pH 6.8) for 30 minutes at 4°C. Subsequent procedures were done at room temperature. Samples were quenched in 1 mg/ml NaBH 4 in PEM for 20 minutes, permeabilized for 30 minutes in 0.5% Triton X-100 in PEM, and then blocked for 1 hour in 5% dry milk in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.4) (30). Slides were then incubated for 2 hours with either mouse mAb ERnt (4 µg/ml) or with MC-20 polyclonal Ab (1 µg/ml) in TBST. After extensive rinsing, the slides were incubated with biotinylated anti-mouse or anti-rabbit second Ab (1:600) for 1 hour. Biotinylated Ab's were visualized using HRP-conjugated Extravidin and DAB substrate. A tyramide signal amplification kit was used to enhance peroxidase staining. Where indicated, alkaline phosphatase staining was done with kit number 86R (Sigma Chemical Co.) after staining for ERα, which was detected with FITC-labeled goat anti-rabbit Ab. Macrophages were detected by staining for 2 hours with rat anti-mouse CD11b Ab (1:50), followed by 1-hour incubation with FITC-labeled goat anti-rat Ab, after immunoperoxidase staining for ERα.
Statistics. After establishing that data were homogeneous in variance and normally distributed, they were analyzed by t test or a mixed effects ANOVA model, as appropriate. The mixed-effects model was used for determining SE estimates of CFU-F and CFU-OB number in serial dilution assays. This model used a first-order autoregressive covariance structure to test for treatment effects (31). Significant differences among treatments and vehicle were determined using model estimates of slopes and SEs to derive t tests. (Table 1) . However, when expressed per 10 6 marrow cells, there was no appreciable change due to the coincident reduction in total number of marrow cells in the isolate. In three separate experiments we found that mice injected with 5-FU had only 29% ± 8% (SEM) of CFU-F progenitors and 15% ± 4% of CFU-OBs, as compared with mice receiving vehicle, indicating that the majority of CFU-Fs and CFU-OBs in adult mice are undergoing cell division.
Results

Proliferative and self-renewal properties of murine CFU-Fs and
We next performed in vitro studies to establish whether CFU-Fs and CFU-OBs are capable of selfrenewal -i.e., whether they produce identical daughter CFU-F and CFU-OB progenitors. Bone marrow cells were cultured for 7 days to allow formation of colonies of fibroblastic cells from the progenitors present in the marrow isolate. Then, cells from each of 12 randomly selected colonies were enzymatically dispersed using cloning cylinders, and secondary cultures were established to determine the number of CFU-F and CFU-OB progenitors present within each colony. Each colony contained numerous CFU-F progenitors, ranging in number from 12 to 296 ( Figure 1a) ; however, only 5 of the 12 colonies contained CFU-OBs, ranging in number between 24 to 144 ( Figure 1b) . Interestingly, the ratio of CFU-OBs to CFU-Fs within each colony was highly variable (0.1-0.8), and CFU-OBs were never greater than CFU-Fs. Additional experiments (n = 4) to determine the prevalence of progenitors among all adherent cells in 5-to 6-day marrow cell cultures indicated that 1.6 ± 0.3% were CFU-Fs and 0.8 ± 0.2 % were CFU-OBs.
The quantification of CFU-F and CFU-OB production in whole bone marrow cultures was optimized by culturing freshly isolated bone marrow cells within three-dimensional type I collagen gels instead of on tissue culture plasticware. Culture of marrow cells in this kind of environment has been shown to facilitate longterm viability and hematopoietic activity (32, 33) . Moreover, cells precultured within collagen gels were easily dispersed with bacterial collagenase to establish secondary cultures for subsequent assay of CFU-Fs and CFU-OBs. As shown in Figure 2a , CFU-F and CFU-OB number increased exponentially during the first 7 days of culture of isolated marrow cells within the collagen gel. This increase was inhibited by addition of 5-FU (Figure 2b ), indicating that proliferation was required for self-renewal to occur. After 16 days of culture, CFU-OB number was reduced fourfold from its value at 7 or 11 days, but CFU-Fs were unchanged.
If the increase in CFU-Fs and CFU-OBs during culture truly is due to self-renewal, the behavior of the newly generated daughter cells should be identical to that of the parental cell obtained in the bone marrow isolate. To determine whether this is indeed the case, we compared the characteristics of colonies formed by marrow-derived and in vitro-generated progenitors. Figure 3 shows that alkaline phosphatase staining of CFU-F colonies and von Kossa staining of CFU-OB colonies were indistinguishable, regardless of whether they were formed from freshly isolated marrow progenitors or from in vitro-generated progenitors. Estimates of colony size using a calibrated eyepiece reticle on a dissecting microscope indicated that the majority of colonies (both CFU-F and CFU-OB) ranged from 200 and 400 µm in diameter, regardless of whether the progenitors were obtained from the bone marrow or generated in vitro (data not shown).
Next, the rate of osteoblast differentiation within the colonies was examined using marrow cells from OG2-lacZ mice ( Figure 4 ). These mice harbor a transgene expressing β-galactosidase under the control of the OG2 osteocalcin promoter, which is activated only at the later stages of osteoblast differentiation (25, 34, 35) . Staining of colonies with X-gal showed that von Kossa-positive CFU-OB colonies contained blue X- Mice were given 5-FU or vehicle by tail-vein injection as described in Methods (n = gal-stained cells (Figure 4a ), demonstrating the presence of osteoblastic cells with active OG2 promoter. As shown in Figure 4b , the development of fibroblastic colonies occurred over the same period from marrowderived or in vitro-generated progenitors. More important, the time at which blue cells -representing osteoblastic cells with active OG2 promoter -appeared within these colonies was practically identical for marrow-derived and in vitro-derived progenitors. Thus, in both sets of cultures, no β-galactosidase-positive cells were observed at 2, 5, and 10 days of culture, but by 15 days a few such cells appeared. Thereafter, the number of colonies containing β-galactosidase-positive cells increased. This was followed by the mineral deposition within these colonies, as evidenced by von Kossa staining at 25 days of culture. These findings indicate that the new CFU-OBs generated in vitro are at a similar if not identical stage of differentiation as the parental cell obtained from the bone marrow and that CFU-OBs are capable of both limited self-renewal and differentiation. These are the characteristics of early transit-amplifying cells (16) . Because we did not analyze differentiation markers of other cell types, however, we do not know whether the same is true for the subpopulation of CFU-Fs that do not differentiate into osteoblasts. Therefore, subsequent studies were restricted to the investigation of CFU-OB behavior.
17β-estradiol suppresses CFU-OB self-renewal. In view of the finding that CFU-OBs are proliferating self-renewing progenitors, the increase in their number after ovariectomy that we detected in our earlier studies (6) could be due to removal of a suppressive effect of estrogens on self-renewal. To investigate whether this is the case, in the present report we added 17β-estradiol to bone marrow cells cultured in collagen gels and deter- 
Figure 2
Time kinetics of CFU-F and CFU-OB production by murine bone marrow cells cultured in type I collagen gels. (a) Marrow cell cultures were established in type I collagen gels (10 × 10 6 cells per gel), and CFU-F and CFU-OB content was assessed either immediately (day 0) or after culture for 2, 7, 11, or 16 days. The data shown represent the mean (± SEM) number of CFU-Fs and CFU-OBs per gel. Preliminary experiments established that the number of CFU-Fs and CFU-OBs in the initial marrow isolate not put into the gel was indistinguishable from the 0 time values (not shown). Error bars are not visible because the symbols are larger than the error bars. Data were analyzed using mixed-effect ANOVA as described in Methods. Significant (P < 0.01) increases in progenitor number versus day 0 were detected at all time points, except for CFU-OBs at day 2. CFU-OB number at day 16 was significantly less than at day 11 (P < 0.05). mined the number of CFU-OBs after 5 days of treatment. Whereas CFU-OBs increased 19-fold in cultures incubated with vehicle, cultures incubated with as little as 1 nM 17β-estradiol exhibited only 10-to 12-fold increase ( Figure 5 ). In six separate experiments, 10 nM 17β-estradiol inhibited the self-renewal of CFU-OBs by an average of 53% ± 7% (SEM).
We also examined the effect of 17β-estradiol on CFU-OB number in vivo. In this experiment, mice were ovariectomized and given 17β-estradiol (20 ng/g body weight) or vehicle at 16 and 18 days after the operation. This time was chosen for analysis because of evidence that CFU-OBs are increased in ovariectomized mice as early as 14 days after the operation (6). On the 20th day after the operation (4 days after initiation of 17β-estradiol treatment), femoral marrow cells were obtained and pooled (six mice per group), and the number of CFU-OBs was determined in triplicate cultures. The number of CFU-OBs in marrow of mice receiving 17β-estradiol was approximately 50% of that seen in mice receiving vehicle (41 ± 9 SD versus 80 ± 15 per 10 6 marrow cells, respectively; P < 0.01 by Student's t test).
The role of the ER in the inhibitory effect of 17β-estradiol on CFU-OB self-renewal was examined next. Consistent with a receptor-mediated action, the pure ER antagonist ICI 182,780 (50 nM) blunted the suppressive effect of 1 nM 17β-estradiol on CFU-OB self-renewal (Figure 6a) . Moreover, whereas 10 nM 17β-estradiol inhibited CFU-OB production in cultures from ERα +/+ mice by 61 ± 18%, it failed to suppress CFU-OB production when added to marrow cultures established from ERα -/-mice (Figure 6b ). CFU-OBs from ERα -/-mice were indistinguishable from that of ERα +/+ mice with respect to colony size and von Kossa staining (not shown). These findings indicate that the α isoform of the ER mediates the suppressive effect of estrogen.
Expression of ERα in murine bone marrow cells. In view of the finding that 17β-estradiol suppressed CFU-OB selfrenewal in an ERα-dependent fashion, immunocytochemical studies were performed to demonstrate the ERα protein in cells present in colonies of fibroblastic cells. Two Ab's, MC-20 and ERnt, which recognize epitopes in the COOH-terminal (36) and NH 2 -terminal (24) portions of murine ERα, respectively, were used. The
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Discussion
Estrogen deficiency induces an increase in bone remodeling that is inappropriate relative to the need for skeletal repair (1, (3) (4) (5) (6) 37) . This phenomenon has been documented at the tissue level by increased activation frequency, a measure that reflects the birth of new BMUs, or prolongation of the life span of existing ones (38) . At the cellular level, studies in rodents (6, 39) and baboons (J. Owens, Genetics Institute, Andover, Massachusetts, USA; personal communication) have demonstrated that loss of estrogens is accompanied by an increase in the number of osteoclast and osteoblast progenitors. The former is evidently due to loss of suppressive effects of estrogens on the production of osteoclastogenic cytokines (7) (8) (9) and perhaps an increase in the number or activity of the stromal/osteoblastic cells that support osteoclast formation (8, 10, 11) . However, the mechanism underlying the increased osteoblastogenesis, as reflected by CFU-OB number, had remained unknown. Based on evidence that CFU-OBs are present in the marrow of mice treated with 5-FU, it was thought that they represent "quiescent" mesenchymal stem cells (40) . However, in these earlier studies, CFU-OB number was not quantified on a per femur basis. In this study we present evidence that 5-FU does indeed cause a severe reduction in CFU-OBs, demonstrating that about 85% are in fact dividing in vivo. Moreover, we provide in vitro evidence that newly generated CFU-OBs are identical to the parental cell. These two lines of evidence establish that CFU-OBs undergo self-renewal. However, in agreement with previous observations of rat CFU-OBs (41), the phenomenon is limited to only a few cycles of cell division. These proliferative and self-renewal capacities of CFU-OBs define them as early transit-amplifying progenitors, analogous to progenitors found in other regenerating tissues, such as intestinal and corneal epithelium and the hair follicle, in which increased selfrenewal of a transit-amplifying progenitor provides additional mature cells when needed (42, 43) .
Our observation that 17β-estradiol acts to suppress the production of CFU-OBs both in vitro and in vivo indicates that the increased osteoblastogenesis caused by estrogen deficiency results from the removal of this inhibitory control. Interestingly, a similar inhibitory effect of estrogens has been documented previously in the case of self-renewing transit-amplifying progenitors that give rise to cells of the inner root sheath and the mature hair fiber (14, 44) . Decreased CFU-OB self-renewal could result from a direct action of estrogens on this progenitor or indirectly via the regulation of one or more factors produced by other cell(s) in the bone marrow. The former scenario is supported strongly by our immunocytochemical studies demonstrating that ERα is expressed in a small population of primitive and undifferentiated cells exhibiting high nucleus/cytoplasm ratio and lack of lineage-specific markers. This population represented 2-3% of all cells present in the cultures. Our contention that at least a fraction of the ERα-positive cells are indeed CFU-OB progenitors is supported by the fact that CFU-OBs also comprise approximately 1% of the total adherent marrow cell population.
The ERα immunostaining in the bone marrow cells, as well as in the MCF-7 cells used as positive controls in our studies, was not always confined to the nucleus, as several cells exhibited cytoplasmic staining as well. Cytoplasmic as well as nuclear ER immunostaining within the same cell has been observed in rat mammary gland epithelial and stromal cells (36) and in cultured hippocampal neurons (45) . However, in other reports ER immunostaining was observed exclusively in the nucleus (30, 46, 47) . In studies reported elsewhere, we have elucidated nongenotropic antiapoptotic signaling through the ER in cells of the osteoblastic lineage, which results from activation of a Src/Shc/ERK-signaling pathway (48) . Strikingly, this activity was eliminated by nuclear, but not by membrane, targeting of the receptor protein. Moreover, it was localized within the ligand-binding domain of the ERα and could be dissociated from its transcriptional activity with ER peptide antagonists as well as synthetic ligands. These findings support the notion that cytoplasmic ER staining may indeed represent a biologically relevant fraction of the receptor that mediates effects outside the transcriptional activity of the protein in the nucleus. This notion has received strong support by other recent demonstrations of biologic effects of the nuclear orphan receptor TR3 and the ER, which were independent of their transcriptional activity in the nucleus (49, 50) .
Suppression of CFU-OB production by 17β-estradiol could be due to inhibition of replication and/or a switch from symmetric (production of two identical CFU-OB daughter cells) to asymmetric replication, during which the parental cell gives rise to one identical daughter and one differentiated daughter incapable of serving as a colony-forming progenitor. Our studies do not allow us to distinguish among these possibilities. However, the fact that the CFU-OB population expands logarithmically in vitro implies that a change in CFU-OB number is determined primarily through changes in symmetric replication, i.e., self-renewal with amplification (16, 17) . By extension, changes in the circulating levels of estrogens might alter osteoblast number by acting on a compartment of CFU-OBs undergoing symmetric replication. Reduction of CFU-OB production by estrogens could also result from stimulation of CFU-OB apoptosis, but this possibility seems unlikely in view of the evidence that estrogens exert antiapoptotic, as opposed to proapoptotic, effects on cells of the osteoblastic lineage (48) .
Based on the above considerations, we propose a model of the regulation of osteoblast formation by estrogens in which the early transit-amplifying compartment of CFU-OBs is the principal target of action ( Figure 8 ). According to this model, osteoblast progenitors comprise mesenchymal stem cells and CFU-OB transit-amplifying cells, which can both self-renew and differentiate, as well as committed osteoblast precursors, which only give rise to more differentiated cells as they divide. In the latter, proliferative capacity declines with increased differentiation, with the eventual formation of the nondividing mature osteoblast. The logarithmic nature of self-renewal, combined with expansion of the committed osteoblast precursor pool during subsequent differentiation, would ensure that even a small increase in CFU-OB self-renewal after loss of estrogens would lead to a large increase in the number of osteoblasts available to the BMU. We cannot eliminate the possibility that estrogens exert a similar effect on mesenchymal stem cells. However, our observations indicate that only 15% of the total CFU-OB population are quiescent stem cells. Thus, even if estrogen deficiency increases the frequency of mesenchymal stem cell replication, it is unlikely that such an effect would substantially contribute to increased CFU-OB number.
The suppression of transit-amplifying CFU-OB selfrenewal by estrogens may be of relevance to the effects of these hormones on osteoclastogenesis because the stromal/osteoblastic cells that support osteoclast development are derived from early mesenchymal progenitors (51, 52) . Thus, the regulation of CFU-OB selfrenewal by estrogens may be of relevance to the effects of these hormones on osteoclastogenesis, as well. We have reported previously that in SAMP6 mice, which have decreased CFU-OB number, ovariectomy failed to increase osteoclastogenesis (10) . This finding supports the contention that the effect of estrogens on osteoclast development may be, in part, secondary to the regulation of CFU-OB self-renewal. In other words, a decrease in the number of cells that support osteoclast development, together with decreased production of osteoclastogenic cytokines by these same cells (7-9), may be responsible for the potent suppression of osteoclastogenesis by estrogens.
In summary, the results of the studies presented here suggest strongly that the increased osteoblastogenesis, bone formation, and perhaps remodeling after loss of estrogens results from the loss of a suppressive effect of these hormones on the self-renewal of CFU-OBs -a transit-amplifying population of osteoblast progenitors in the bone marrow. Future studies will be needed to determine whether this effect is mediated via transcriptional or nongenotropic actions of the ER.
Figure 8
Regulation of osteoblast formation by estrogens. Mesenchymal stem cells (white) with high self-renewal capacity (solid arrow) give rise to early transit-amplifying osteoblast progenitors (blue) with limited selfrenewal capacity (dashed arrow). The latter differentiate into late transit-amplifying progenitors lacking self-renewal capability (green). Subsequently, late transit-amplifying cells develop into committed osteoblast progenitors (gray) that eventually give rise to fully differentiated osteoblasts (magenta). Estrogens (E2) suppress the self-renewal of early transit-amplifying progenitors. See text for additional details.
